Abstract Development of bio-mediated synthesis of CdS nanoparticles is one of the important fields in nanoparticles. The present investigation demonstrates the eco-friendly synthesis of cadmium sulfide nanoparticles using Enterococcus sp. (RMAA). The formation of an intense peak at 410 nm in the UV-Vis spectrum reveals the synthesis of CdS nanoparticles. The crystalline natures of the synthesized CdS nanoparticles were identified by X-ray diffraction assay. The scanning electron microscope analysis shows the formation of spherical-shaped CdS nanoparticles with a size range of about 50-180 nm. Fourier transform infrared spectrum shows that the synthesized CdS nanoparticles are capped with bimolecular compounds which are responsible for the reduction of cadmium sulfate to sulfide nanoparticles. The resulting CdS nanoparticles were tested for antibacterial activity using agar well diffusion method against the test cultures of Serratia nematodiphila, Escherichia coli, Klebsiella planticola, Vibrio sp. and Planomicrobium sp. having good zone of inhibition. The fungicidal activity of CdS nanoparticles against pathogenic fungus Aspergillus niger and Aspergillus flavus produced a good zone of inhibition. The novel green chemistry approach is an eco-friendly and reliable process and suitable for large-scale production.
Background
Nanotechnology is a new, rapidly growing field with application in science for the purpose of producing new materials at the nanoscale level. The word 'nano' represents billions of meters (10 -9 ). In recent years nanoparticles are important and have created an impact in the areas of chemical energy, electronic and biological sciences. These particles are synthesized by physical, chemical and biological methods [1] . Many nanoparticles, such as silver [2] , gold [3] , ZnS [4] and TiO 2 [5] , have been synthesized using bacteria. Applications of nanoparticles in the biomedical field has been developing very vigorously nowadays, e.g., antibacterial applications [6, 7] . Antifungal activities of CdS have been reported by various researchers [8] . The microbial synthesis of nanoparticles had been recently recognized as a promising source of nanomaterials [9] . CdS has promising applications in technical fields such as photochemical catalysis, gas sensor, detectors for laser and infrared, solar cells, nonlinear optical materials and various luminescence devices [10] [11] [12] [13] . CdS nanoparticle synthesis has been a modern growing field of research due to its important optical, physical and chemical properties. In recent years, many techniques have been introduced for the synthesis of CdS nanoparticles. CdS it's a group of chalcogenides and having application in photoconductive glasses for television and Xerox machines [14] . CdS is a II and IV group of semiconductor and the bulk amount of CdS has a hexagonal shape. CdS nanoparticles are important semiconductors with a direct band gap of 2.4 eV at room temperature, and these nanoparticles are attached to the photocatalysis light-emitting diode and solar cells due to their nonlinear properties. The melting point of CdS nanoparticles is 1,600°C. CdS has a high amount of visible light-detecting properties among the other semiconductors.
Cadmium sulfide is a widely used semiconductor that has many applications such as in optoelectronic and solar cells, photodiodes, light-emitting diodes, nonlinear optics and heterogeneous photocatalysis. In the last few decades, a number of techniques have been reported for the synthesis of CdS nanoparticles [15] [16] [17] . Nowadays, CdS nanoparticles are widely used in photonic applications. Many studies have investigated the synthesis of thermotropic liquid crystal polymer material that is composed of silver nanoparticles and CdSe [18] . In the last few years, researchers have been devoted to the preparation of high-quality CdS nanoparticles and the investigation of their various properties.
Experimental method

Isolation and identification
The bacteria were isolated from marine water and identified as Enterococcus sp. using biochemical tests and 16S rRNA sequencing.
Extracellular synthesis of CdS nanoparticles
Enterococcus sp. culture was grown and maintained in nutrient agar medium. 100 ml of nutrient broth was prepared, sterilized and inoculated with the culture of Enterococcus sp. and incubated at 37°C for 24 h. After incubation, the culture was centrifuged at 7,000 rpm for 10 min for extracellular synthesis of nanoparticles. After centrifugation, the supernatant was collected and 1 mM of CdSO 4 was added. After the addition of CdSO 4 , the culture was mixed well and incubated at 37°C for 24 h. Any observed color change indicated nanoparticles synthesis and it was monitored using UV-Vis spectrophotometer.
Characterization of CdS nanoparticles
The reduction process of the solution was monitored on a Perkin Elmer double-beam UV spectrophotometer. The reaction of the aliquot solution was analyzed at different reaction times in the wavelength range between 300 and 700 nm. The crystalline nature of the cadmium sulfide nanoparticles was characterized by X-ray diffraction. The reaction mixture was purified by repeated centrifugation at speed of 10,000 rpm for 10 min and the pellets were dried at room temperature. The dried powders of cadmium sulfide nanoparticles were characterized by XRD (Philips PW 1830). The morphology and size of the cadmium sulfide nanoparticles was found by scanning electron microscope (SEM) (Philip model CM 200). Elemental analysis of CdS was carried out by EDAX. FTIR was obtained on a SHIMADZU instrument with the sample as KBR pellet.
Antibacterial activity of CdS nanoparticles
Antimicrobial activities of synthesized CdS nanoparticles were assayed by well diffusion method against the bacterial cultures of Serratia nematodiphila, E.coli, K.planticola and Vibrio which were purchased from MTCC, India. Approximately, 20 ml of molten and cooled Muller Hinton agar was poured into the Petri dishes. The overnight growth test organisms were transferred over the agar medium and a 5 mm-diameter well was made by gel puncture. After that, different concentrations of CdS nanoparticles, such as 50, 100 and 200 ll, were added to the well at 35°C for 24 h incubation. After incubation the zone of inhibition around the well was measured. All the experiments were followed three times for statistical analysis.
Antifungal activity of CdS nanoparticles
Antifungal activity of CdS nanoparticles was assessed against pathogenic Aspergillus niger and Aspergillus flavus by the well diffusion method. The fungal spores were inoculated into the Petri plates containing sterile Sabouraud dextrose agar and wells were made. Different concentration of CdS nanoparticles, 50, 100 and 200 ll, were poured into the well. All these plates were incubated for 48 h at room temperature. After incubation the inhibition zone was noted around the well.
Results and discussion
Visual observation
The present study shows the synthesis of cadmium sulfide nanoparticles by using Enterococcus sp. Herein, the cadmium sulfate was reduced to cadmium sulfide nanoparticles. Figure 1 shows the images of (a) bacterial culture without cadmium sulfate and with nutrient addition of cadmium sulfate (b) after 24 h incubation of cadmium sulfide with nutrient broth. The color of the solution changed from yellow to light white after 6 h, confirming that the cadmium sulfide synthesis reaction had started. After 24 h, the light white color turned to white, showing the reduction of cadmium sulfate into cadmium sulfide using Enterococcus sp. The intensity of the white color was increased on increasing the time of incubation. After 24 h, no color change occurred, indicating that the CdS nanoparticles synthesis process was complete. Previously, [19] have reported the synthesis of CdS nanoparticles using Escherichia coli.
UV-Vis spectrophotometer
The synthesis of CdS nanoparticles using Enterococcus sp. at different time intervals was monitored by UV-Vis spectroscopy. Figure 1 shows the UV-Vis absorption spectra of the synthesized CdS nanoparticles using the culture supernatant of Enterococcus sp. The absorbance of CdS NPs was scanned from 300 to 620 nm for the aqueous reaction mixture. In Enterococcus sp.-derived CdS NPs, the absorbance of CdS NPs started at 2 h and ended at 24 h. After 24 h, there was high absorbance, indicating that the reduction process of cadmium sulfate into cadmium sulfide NP was complete. The attribute surface plasmon absorption bands were noticed at 410 nm and increase of nanoparticles size can also affect the SPR band broadening [20] . Thus, CdS nanoparticles solution synthesized using Enterococcus sp. was very stable for 3 months, which was detected by a surface plasmon resonance. Similarly, [21] reported that the CdS NPs was absorbed at 410 nm and was synthesized using K. pneumoniae.
SEM
The morphology and distribution of the synthesized CdS nanoparticles were examined by SEM analysis. SEM images of CdS nanoparticles were viewed at different magnifications of 5,0009 and 10,0009 (Fig. 2) . The synthesized CdS nanoparticles are mostly spherical in shape and the size ranges varied from 50 to 180 nm (scale bar 1 lm). The images confirmed the formation of few nanoparticles capped with the biomolecules present in the biomass supernatant. The SEM images show that the synthesized CdS NPs are predominantly spherical in shape with aggregates [22] . This suggests that the protein molecules perform as surface-coating molecules which keep away from the internal agglomeration of the particle, indicating the stabilization of nanoparticles.
EDS
Energy-dispersive X-ray analysis (EDX) reveals the strong signal in the Cd and S confirming the reduction of CdSO 4 into CdS nanoparticles by the action of Enterococcus sp. (Fig. 3) . Semiconductor CdS nanocrystals generally show a representative visual absorption peak approximately at 3 keV due to surface plasmon resonance [23] . The synthesized CdS nanoparticles were stable in solution for more than a period of 2 months at room temperature. Our EDX report correlated with the report [24] .
Fourier transform infrared spectroscopy (FTIR)
The FTIR measurement was carried out for CdS nanoparticle formed after 24 h incubation with Enterococcus sp. Figure 4 shows the broad peak at 3272 cm -1 and 1630 cm -1 corresponding to primary and secondary amines or amide linkages in the protein. The strong peaks seen at 984 cm -1 are identified as those of the alkene groups due to the =C-H bending vibrations. The stronger band at 548 cm -1 corresponds to the C-Br stretching vibrations due to the alkyl halides groups. Sanghi and Verma [25] have reported that proteins can bind to CdS nanoparticles either through free amine groups or cysteine residues that have a vital role in the protein, and cystein residues play a vital role in CdS nanoparticles.
XRD analysis
The crystalline structure of synthesized CdS nanoparticles using Enterococcus sp. was characterized by XRD (Fig. 5 ). The equation uses the suggestion peak width at Brag diffraction angle h, where K is a Blank's constant, k is the source wavelength (1.54), and b is the width of the XRD peak at half maximum height. The calculated average particle size of the cadmium sulfide nanocrystals was found to be 12 nm.
Bactericidal activity of CdS nanoparticles
The bactericidal effects of spherical CdS nanoparticles have been investigated against clinical isolates of S. nematodiphila, E. coli, K. planticola and Vibrio sp. (Fig. 6; Table 1 ). Three different concentrations (50, 100 and 200 ll) were taken to inhibit pathogenic bacterial growth. The microbe-mediated CdS nanoparticles had the maximum zone of inhibition against disease-causing K. planticola, Planomicrobium sp. and Vibrio sp. The minimum zone of inhibition was observed against S. nematodiphila and E. coli and the increase in nanoparticles concentration involved the high zone of inhibition. The structure of the cell wall difference between the Gram-positive and Gram-negative bacteria plays a role in the formation of the zone. In Gram-positive bacteria, the cell wall consists of a deep layer of membrane, consisting of linear polysaccharide chains, and the Gram-negative bacteria possess a slender layer of membrane [26] . The zone of inhibitory action of CdS nanoparticles of microorganism is partially identified. The positively charged CdS nanoparticles are join with the negatively charged microorganism by the electrostatic magnetism and the proteins present on the bacterial cell membrane [23] . Malarkodi et al. [23] suggest that the nanoparticles have large surface area available for interactions which enhances the antibacterial effect than the morphology of the nanoparticles. The antibacterial effects of stabilized cadmium oxide nanoparticles can be helpful in the treatment of infectious disease caused by E. coli. Shukla et al. [28] reported that microbes transmit a positive charge. This creates an ''electromagnetic'' attraction between the microorganisms and the treated cell outer membrane. The present study demonstrates that CdS nanoparticle has bactericidal activity against the entire test organism. Since this is easily available and is also used in hospitals as a biomedical agent, the energetic nano compound from this can be prepared and used effectively for preventing the growth of microbial pathogens.
Antifungal activity of CdS nanoparticles
CdS nanoparticles synthesized by bacteria are more toxic against A. niger and A. flavus, which was investigated by the well diffusion method. The various concentrations of nanoparticles, 50, 100 and 200 ll, were mixed with the medium and poured in Petri plates. After 48 h, the plates showed the susceptible growth of fungus, which was decreased at the increased concentration of CdS nanoparticles. The maximum zone of inhibition was found in the A. flavus followed by A. niger. The zone of inhibition increased while increasing the concentration of CdS nanoparticles. The zone of inhibition is shown in Fig. 7 . The mode of action of nanoparticles on fungi is through targeting the yeast cell membrane and disrupting membrane potential [27] .
Conclusion
Enterobacter sp. was exploited for the biological synthesis of nanoparticles extracellularly. This involved secretion of enzyme sulfate reductase into culture supernatant which brought about the reduction of cadmium sulfate into cadmium sulfide nanoparticles. Enterobacter sp. was absorbed to have maximum production of nanoparticles at 410 nm. The morphology and size of the CdS nanoparticles were observed to be 50-180 nm. X-ray diffractometer showed the crystalline nature of nanoparticles. Fourier transform infrared spectroscopy showed that the functional groups of CdS nanoparticle could bind to proteins through free amine groups or carboxylate group in the protein. Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction in any medium, provided the original author(s) and the source are credited.
